This article describes the crystal selection and quality control utilized to develop and calibrate a high resolution array of CsI(Tl) scintillator crystals for the detection of energetic charged particles. Alpha sources are used to test the light output variation due to thallium doping gradients. Selection of crystals with better than 1% non-uniformity in light output is accomplished using this method.
Introduction:
CsI(Tl) scintillation detectors are a cost effective technology for detecting charged particles with energies of E/A=30-200 MeV [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Less expensive than solid state detectors, less hygroscopic than NaI(Tl) crystals, and easily machined into different shapes, CsI(Tl) crystals have been incorporated in many large solid angle detection arrays [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In such applications, greater stability is achieved by avoiding problems related to the temperature dependence [12] of the CsI(Tl) light output by holding the temperature constant, and by reading out the detectors via photodiodes instead of photomultipliers, whose gains may vary with time. In the present article, discussion will be focused upon properties of CsI(Tl) crystals read out by photodiodes.
Energy resolution is an essential requirement of many experiments. For low energy particles, the energy resolutions of crystals, read out by photodiodes, are mainly limited by electronic noise. The importance of this noise depends on the light collection efficiency of the crystal-diode assembly and on the photodiode capacitance. For example, a resolution of 4.4% (59 keV) FWHM was reported [14] for the detection of 1.33 MeV γ rays in a small crystal (3 cm 3 ) with a small (1 cm 2 ) photodiode [14] . Somewhat worse energy resolution 25% (165 keV)
FWHM was achieved for the detection of 0.66 MeV γ rays in a much larger 100 cm 3 CsI crystal [2] with a larger (2x2 cm 2 ) photodiode [2] .
With increasing energy deposition, photon statistics makes an increasing contribution to the resolution that can be approximated by
where E is particle energy and E 0 is the typical energy per photoelectron-hole pair. This latter constant depends on Thalium doping, the light collection of the detector assembly and the quantum efficiency of the photodiode. For reasonable values for E 0 of about 70 eV, photon statistics provides a 84 keV contribution to overall energy resolution for particles with E ≈ 100 MeV. If other factors did not contribute significantly to the resolution, one might expect to achieve resolutions of about several hundred keV in CsI(Tl), which would reduce the incentives to utilize more expensive solid state detector technologies in high resolution experiments.
Unfortunately, the resolutions achieved for higher energy particles are larger than one might expect from noise and photon statistics. For example, energy resolutions of 1.2% (1.2 MeV) FWHM were achieved for 98 MeV α particles with small (1 cm 3 ) crystals [13] . Energy resolutions of 0.8% (740 keV)
FWHM were achieved for 92 MeV α particles with larger (100 cm 3 ) CsI crystals [2] . In the latter measurements, the resolutions were comparable to the measured variations in the light output over the volume of the crystals, suggesting that the light output uniformity of the CsI(Tl) scintillator may be a limiting factor in the energy resolution.
As discussed in this article and earlier studies [1, 2] , reasonably uniform CsI(Tl) crystals can be obtained commercially. Testing and pre-selecting crystals before construction can further improve the overall quality of the crystals. We explore whether this is sufficient to achieve resolutions that are limited by noise and photon statistics and find local non-uniformities in the light output that prevent optimum crystal performance. We also investigate the non-linear mass and charge dependence of the light output of the crystals, which is another factor complicating the use of CsI(Tl) crystals for the detection of charged particles. We find that these dependencies can be constrained by careful energy calibration using beams of different isotopes.
Preselection of CsI(Tl) crystals for Light Output Uniformity:
Typically, commercial CsI(Tl) crystals can manifest non-uniformities in the light output across the detector face on the order of one percent per centimeter [1, 2] . To a large extent this non-uniformity can be limited to better than 0.3% per centimeter by controlling the manufacturing process and by scanning the CsI(Tl) crystals and rejecting those that do not meet this criterion [1, 2] . The influence of this small (<0.3%) residual light output non-uniformity can be determined by combining the CsI(Tl) scintillator with a position sensitive silicon detector. This effect can then be removed by making position dependent corrections to the light output.
The magnitude of the observed non-uniformity is influenced by both the choices of radioactive source and readout scheme [2] . Unlike the energy deposition of an alpha particle which is relatively localized, the energy deposition of a gamma ray samples a larger volume of the crystal and hence the sensitivity to measuring local uniformities is reduced [2] . Photodiodes are more sensitive than phototubes to the stronger light output variations manifested by the longer wavelength scintillation photons [15] . In this section, we describe the pre-selection procedure which involved scanning with a collimated α source and reading out the CsI(Tl) crystal with a silicon photodiode as described in Ref. [2] .
As delivered by the manufacturer [16] , the crystals were rectangular in shape with dimensions of 3.5 x 3.5 x 6 cm 3 . They were polished on one 3.5 x 3.5 cm 2 surface (here labeled as the front) and sanded at the 3.5 x 6 cm 2 sides. Before scanning, the crystals were inspected for visual cracks or imperfections. Then the were recorded with a multichannel analyzer equipped with a peak sensing ADC.
The spectra were then transferred to a computer and analyzed offline. Figure 1 shows the scanning results of two crystals, #652 that was accepted (top panel) and #291 that was rejected (bottom panel Crystals with deviations larger than ±0.5% such as the one shown on the bottom panel of Fig. 1 were rejected and sent back to the manufacturer. Crystals with deviations less than ±0.5% were accepted and subsequently machined to their final shapes. This machining step only involves two adjacent sides, which were tapered on an angle of about 7° relative to the normal to the surface of the crystal. This tapering enabled the crystals to form an array of four crystals as shown in Figure 2 . Such design allows the crystals to be placed, during subsequent experiment, behind a 5 x 5 cm 2 silicon detector forming a ∆E-E telescope that could be closely packed with other telescopes of similar construction at a distance of 20 cm from the target. Consistent with this requirement, the front surface of each CsI(Tl) crystal was reduced to an area of 2.5 x 2.5 cm 2 ; the back surface was not modified. The crystals were then polished and scanned one more time. In general, the differences between the results of the initial and final scans were negligible.
Wrapping materials used for the CsI(Tl) crystals:
To obtain optimal light collection efficiency for low energy particles [2] , a reflective entrance foil was needed on the front face of a CsI(Tl) crystal [2] .
Following ref. [2] , the sides of the crystal are uniformly sanded with 400-grit wet/dry sand paper using motions parallel to the long axis of the crystal. Several For the tests with accelerator beams, photodiodes were glued to the light guides with Silicon RTV615. To prevent light leak and cross talk between neighbor crystals, the back face, light guide and the photodiode were painted with a reflective white paint (BC620) from Bicron [19] . The electronic signals from the photodiodes are amplified with charge-sensitive preamplifiers that were connected to the detector using short (6 cm) cables and situated inside the vacuum chamber. The amplified signals are then shaped and amplified by a computer-controlled 16-channel CAMAC shaping amplifier module [20] , with a unipolar pulse of 2 µsec shaping time and analyzed by a peak-sensing ADC (Phillips P/S 7184 [21] ). The stability of the setup is continuously monitored via a precision pulse generator system and via temperature sensors attached to the detector mounts within the vacuum system.
Position Dependence of the Energy resolution
To measure the energy response of the crystals for energetic beams, 240
MeV α particles extracted from the NSCL K1200 cyclotron were injected directly into the CsI(Tl) crystals. Because 1% light output non-uniformities are equivalent to a 2.4 MeV variation in the α particle energies, it was necessary to determine the point of interaction in the detector for each α particle and make corrections to 
Energy calibration:
The fluorescent light emitted by the CsI(Tl) crystal has two major decay time constants, a fast (~500 ns) and a slow (~7 µs) component. Both components have a light output -energy relationship that is mass and charge dependent.
This property has been exploited to provide mass identification for light ions using pulse-shape discrimination [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] . The pulse-shape discrimination capability of CsI(Tl) is not needed if one uses the CsI crystals as the stopping detectors in ∆E-E telescopes where Si detectors are used as ∆E detectors.
However, the pulse shape dependence on mass remains important because of the influence it has on the energy calibration.
The temporal decay of the CsI(Tl) light output depends on the ionization density, therefore, the charge, mass and energy, of the detected particles [13, [24] [25] [26] [27] [28] [29] . At low energy, the light response (L) of a CsI(Tl) crystal is known to show a non-linear correlation with the deposited energy (E), especially for heavy ions, and a dependence of such correlation on both the charge Z and mass A of the detected particle [24] . It also depends on the Tl doping of the crystal.
To determine the energy calibration for different ions, the detectors were directly exposed to low intensity (1000 particles/sec) beams of different isotopes and energies. These ions were obtained by fragmenting 2160 MeV 36 Ar and 960
MeV 16 O primary beams from the NSCL K1200 cyclotron in the A1200 fragment separator [30] . The main advantage of this method is the availability of a large number of particles that could be detected simultaneously (up to 52 isotopes were identified in the case of the 36 Ar fragmentation). Since particles are selected only by their magnetic rigidity (B*ρ= 1.841 Tm for the 36 Ar beam and B*ρ=1.295
Tm for the 16 O beam) one obtains a broad range of different isotopes and energies. The FWHM of the momentum widths for these particles were selected to be 0.5%. The atomic and mass numbers as well as energies of the particles used to calibrate the CsI crystals in the present work are listed in Table I .
Hydrogen and helium isotopes were also calibrated by elastic scattering of E/A=30 MeV p- 4 He molecular beams on a Au target and by 240 MeV direct 4 He beam particles. The energy calibration for each isotope was done following the mass and charge dependence of the light output described in ref. [24] , which in turn was based on previous studies of the light emission of CsI-crystals and on semi-empirical model proposed by Birks [29] . In this approach, the incident particle energy E is parameterized as a function of the light output L, the charge Z, and the mass A of the particle, as
where a, b, c and d are the fitting parameters with values greater than zero. This expression describes a linear part, dominating at high energies and an exponential part dominating at low energies.
In Fig. 7 , the solid and dashed lines represent the best fit of Eq. 2 to the experimental energy calibration data corresponding to different carbon isotopes (A=11-14). The need for a mass dependence can be demonstrated by examining the light output of the higher energy carbon isotopes. At high energy, the light response is expected to be linear. Both the 11 C points should lie in the linear domain. However, a straight line joining the two 11 C isotopes does not pass through the high-energy 12 C, 13 C, and 14 C isotopes. A curve going through all points for the [11] [12] [13] [14] C would lead to a very large and unreasonable curvature compared to calibration procedure adopted elsewhere in the literature. The only solution is a mass dependent calibration curve. Since several fragmentation beams would be required to have the full calibration curve for each isotope, we adopt the mass dependent ansatz (closely related to the quenching effect) of Ref.
[24].
For light charged particles with Z≤3, the parameterization described in Eq.
2 did not accurately describe the detected energies. Compared to the observation of Ref. [24] , a less pronounced isotopic effect was observed for light ions. This may be the result of the increased concentration of the activator element, Tl, in the CsI-crystals used in the present study compared to those studied in ref. [24] .
We find the mass dependence to be over-estimated by the AZ 2 factor in Eq. 2, and employ a modified function of Eq. 2 with a weaker dependence on A to fit Z≤3 particles. The expression was modified for each element. For example, for Lithium (Z=3) particles, the first term of Eq. 2 is changed.
For Helium (Z=2) isotopes, the following expression was used
The variables a, b, c, and d in Eq. 2-4 are fit parameters. There are sufficient data to reproduce with good accuracy the light-output response for all the isotopes of the same element using Equations 2-4. Our fitting procedure resulted in a precision of the energy calibration better than 2% for isotopes from α to O.
As we have only limited calibration points for p, d and t, two calibration points from each isotope, we adopt the simple linear function for Z=1 particles.
E=aL+b.
where a, and b are fit parameters.
More accurate energy calibration of Z=1 particles may be obtained in the future. The present work focuses mainly on heavier elements where a direct calibration with beam fragments is available.
Summary
In this article we have described the procedures used to construct CsI(Tl) detectors with good energy resolution. These procedures involve pre-selecting 11 C, 12 C, 13 C and 14 C for the CsI (Tl) crystals obtained using direct fragmentation beams listed in Table I . The curves are the best fit according to Eq. 2. 
